The relationship between genome organization and gene expression has recently been established. However, the relationships between spatial organization, dynamics, and transcriptional regulation of the genome remain unknown. In this study, we developed a live-imaging method for simultaneous measurements of the transcriptional activity and nuclear position of endogenous genes, which we termed the 'Real-time Observation of Localization and EXpression (ROLEX)' system. We demonstrated that ROLEX is highly specific and does not affect the expression level of the target gene. ROLEX enabled detection of sub-genome-wide mobility changes that depended on the state of Nanog transactivation in embryonic stem cells. We believe that the ROLEX system will become a powerful tool for exploring the relationship between transcription and nuclear dynamics in living cells.
INTRODUCTION
Recent progress in chromosome conformation capture (3C)-related technologies (4C, 5C and Hi-C) revealed the three-dimensional genomic organization of several cell types from diverse organisms, including mouse embryonic stem cells (mESCs), and many long-range genomic interactions involved in the regulation of gene expression (1) (2) (3) (4) . Although 3C-related techniques can generally be used to obtain the average probability of genomic interactions in a large number of cells, the distances between specific genomic regions are variable among individual cells (5) . Such variation in the nuclear organization between cells might contribute to cell-to-cell variability in gene expression (6) . Although several attempts have been made to understand the relationships between gene expression and highly dynamic nuclear organization in cell populations (7, 8) , thus far, it has been difficult to gain insight into the relationship between gene expression and its dynamic behavior in the cell nucleus.
Here, we describe the establishment of the Real-time Observation of Localization and EXpression (ROLEX) system for live imaging of the transcriptional state and nuclear position of a specific endogenous gene. In this system, the insertion of a 1.3-kb long MS2 repeat into a specific gene of interest not only enables the visualization of gene transcription using the MS2 coat protein fused to the tandem near-infrared red-fluorescent protein (tdiRFP) (MCPtdiRFP) (9) , but also allows for the determination of the gene position in the nucleus using a Cas9 mutant with undetectable endonuclease activity (dCas9) fused to the green fluorescent protein (GFP) (dCas9-GFP) and three singleguide RNAs (sgRNAs) (10) . Using this system, we detected sub-genome-wide mobility changes that depended on the state of Nanog transactivation in mESCs. This system will help to overcome the current knowledge gap regarding the association between gene transcription and nuclear dynamics by increasing our insight into the fundamental mechanisms of genomic organization and gene regulation.
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To construct the pKLV-U6gRNA-EF(BbsI)-PGKpuro2ABFP plasmid (Addgene plasmid 62348), which is a vector for optimized sgRNA expression (10) , the human U6 promoter-BbsI-BbsI-optimized sgRNA cassette was inserted into the ApaI/BamHI site of the pKLV-U6gRNA(BbsI)-PGKpuro2ABFP plasmid (14) (plasmid 50946, Addgene; deposited by Kosuke Yusa) . Individual sgRNA expression vectors were constructed as described previously (15) . The list of sequences of the oligonucleotides used is given in Supplementary Table S1 .
To construct the pKLV-PGKpuro2ABFP plasmid, which is an sgRNA empty vector, we performed inverse PCR using primers pKLV-F and pKLV-R (Supplementary Table  S2 ) and pKLV-U6gRNA-EF(BbsI)-PGKpuro2ABFP as a template, followed by the digestion of the PCR product by EcoRI and subsequent self-ligation.
To construct pPB-LR5-CAG-mRuby2-H2A-IRESNeo, pPB-LR5-CAG-CENP-A-mRuby2-IRES-Neo, and pPB-LR5-CAG-TRF1-mRuby2-IRES-Neo, the MCP-tdiRFP670 cDNA of pPB-LR5-CAG-MCPtdiRFP670-IRES-Neo was replaced with mRuby2-H2A, CENP-A-mRuby2, or TRF1-mRuby2 cDNA molecules, respectively.
The clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9 nickase (Cas9n), and sgRNA expression vectors px335-Oct4L and px335-Oct4R were constructed using the pX335-U6-Chimeric BB-CBhhSpCas9n(D10A) vector (plasmid 42335, Addgene; deposited by Feng Zhang) (16) as previously described (15) . The list of sequences of the oligonucleotides that we used is given in Supplementary Table S1 .
Targeting vectors containing 2A-loxP-hsvTK-2A-HygloxP-24×MS2 (pTV-Oct4-TK-HMS, Addgene plasmid 62351) were constructed by PCR and standard cloning techniques as described previously (17) . In order to avoid cutting the 5 -homology arm, we introduced multiple synonymous nucleotide substitutions into the CRISPR/Cas9n target sites (see Supplementary Figure S1 ).
Cell culture
Mouse embryonic stem cells (mESCs) were cultured as described previously (17) . Briefly, mESC lines [NMP (17) , NMP-R, Bruce 4 C57BL/6 mESCs, OM and OM-R cells] were cultured in 2i conditions (Dulbecco's modified Eagle's medium [DMEM] ; 15% fetal bovine serum [FBS]; 0.1 mM ␤-mercaptoethanol, 1× MEM nonessential amino acids, 2 mM L-alanyl-L-glutamine solution, 1000 U/ml leukemia inhibitory factor [LIF], 20 g/ml gentamicin, 3 M CHIR99021 and 1 M PD0325901) on a 0.1% gelatin-coated dish. Prior to each experiment, cells were passaged twice and cultured in 2i conditions as well as in standard conditions (DMEM, 15% FBS, 0.1 mM ␤-mercaptoethanol, 1 × MEM nonessential amino acids, 2 mM L-alanyl-L-glutamine solution, 1000 U/ml LIF, and 20 g/ml gentamicin).
Gene targeting
The day before transfection, C57BL/6 mESCs (5 × 10 4 ) were plated onto 24-well plates, in order to generate the Oct4 MS2/WT cell line. The cells were then transfected on the next day with 1 g pTV-Oct4-TK-HMS, 250 ng Cas9n and sgRNA expression vectors (px335-Oct4L and px335-Oct4R) using Lipofectamine 2000 (Life Technologies, Gaithersburg, MD, USA), according to the manufacturer's instructions. After another 24 h, cells were transferred to 10-cm plates, incubated for 72 h, and then subjected to Hygromycin selection (150 g/ml). Homologous recombination was verified by using PCR and Southern blotting. The synonymous nucleotide substitutions, which were the same as those in the targeting vector, were introduced in a non-transgene-integrated allele of the obtained clone (Oct4 TH-MS2/WT ) (Supplementary Figure S1 ). Then, in order to excise the selection cassette flanked by loxP sites, 500 ng Cre expression vector (pCAG-Cre [plasmid 13775, Addgene; deposited by Connie Cepko]) (18) was transfected into the obtained clone (Oct4 TH-MS2/WT ). The genotype of the resultant ganciclovir-resistant mESC (Oct4 MS2/WT , OM clone) was confirmed by Southern blotting, as described previously (19) . Our data showed that cell lines expressed undifferentiated embryonic stem-cell markers SSEA-1, Nanog, and Oct4, as shown in Supplementary Figure S1 . Immunofluorescence was performed as described by Ochiai et al. (17) .
For the ROLEX system, NMP and OM cells (1 × 10 4 ) were plated onto a -Slide 8-well (Ibidi, Martinsried, Germany) 1 day before transfection. On the next day, the cells were transfected with 200 ng pPB-LR5-CAG-MCP-tdiRFP670-IRES-Neo, 50 ng pPB-LR5-TRE-dCasmNeonGreen, 50 ng pPB-LR5-CAG-rtTA2sM2-IREStTSkid-IRES-Neo, and 50 ng pCAG-hyPBase using Lipofectamine 2000. After 96 h, the cells were transferred onto a -Dish 35 mm Grid-500 (Ibidi), incubated for 72 h, and then subjected to G418 selection. After a week-long incubation period, cells were treated with doxycycline (Dox [100 ng/ml]) for 12 h and used for live imaging. Colonies with mNeonGreen and tdiRFP670 signals were identified and used for further analysis.
Sequential RNA and DNA-FISH
Trypsinized cells were transferred onto Laminin-511 (BioLamina, Stockholm, Sweden)-coated glass slides and cultured overnight at 37
• C and 5% CO 2 . Cells were washed with phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde in PBS for 10 min, followed by washing twice with PBS and subsequent treatment with PBScontaining Hoechst 33342 nucleic acid stain (1:1000) (Life Technologies, Gaithersburg, MD, USA) for 10 min. Images were acquired using the following instruments: an Olympus IX83 microscope (Olympus, Tokyo, Japan) with a CSU-W1 confocal unit (Yokogawa, Tokyo, Japan); a 100× Olympus oil immersion objective of 1.40 NA; an iXon3 EMCCD camera with 512 × 512 pixels (Andor, Belfast, UK) with laser illumination at 405 nm for Hoechst 33342, 488 nm for dCas9-GFP, and 637 nm for MCP-tdiRFP. In this setting, the pixel size was 160 nm. Images were analyzed using Metamorph software (Universal Imaging Corporation,
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Nucleic Acids Research, 2015, Vol. 43, No. 19 e127 West Chester, PA); 76 z-planes per site spanning 15 m (zstep = 200 nm) were acquired. Subsequently, cells were subjected to 3D-RNA-FISH as previously described, but with some modifications (20) . Briefly, cells were washed twice with PBS and then permeabilized in 0.1% saponin/0.1% Triton X-100/2 mM ribonucleoside vanadyl complex in PBS for 10 min at room temperature (RT). Following two washes with PBS, cells were incubated for 20 min in 20% glycerol/PBS at RT and stored in 50% glycerol/PBS at −20
• C for at least 1 day. After the incubation, cells were recalibrated at RT in 20% glycerol/PBS, and subjected to three successive freeze/thaw cycles in liquid nitrogen (20) . Thereafter, cells were washed twice with PBS for 5 min each at RT, incubated in 0.1 M HCl for 30 min at RT, washed once again with PBS for 5 min at RT, permeabilized in 0.5% saponin/0.5% Triton X-100 in PBS for 30 min at RT, washed two more times with PBS for 5 min per wash at RT, and then equilibrated in 50% formamide/2× SSC for 10 min at RT. Next, the cells were hybridized to a predenatured MS2 probe set (17) using the hybridization buffer containing 1× saline sodium citrate (SSC), 10% dextran sulfate, and 50% formamide. Hybridization was performed for 16 h at 37
• C in a moist chamber. Subsequently, the cells were washed in 2× SSC for 5 min at RT, 50% formamide/2× SSC for 15 min at 45
• C, 2× SSC for 5 min at 45
• C, and then 2× SSC for 5 min at RT, followed by a wash in 2× SSC with Hoechst 33342 (1:1000) for 10 min at RT. Hybridized cells were mounted in catalase/glucose oxidase-containing mounting media, as described previously (17) . Images were taken as outlined above using laser illumination set at 405 nm for Hoechst 33342 and at 561 nm for MS2 probes. Then, the cells were subjected to 3D-DNA-FISH, as described previously (20) . The BAC clones RP23-19O18 and RP24-367I6 (CHORI BACPAC Resources) were used as DNA-FISH probes for Nanog and XA1.1, respectively.
Image segmentation, nuclear identification, and quantification of fluorescence intensity were conducted using the automated open-source program CellProfiler (http://www. cellprofiler.org) (21) . The parameters used for nuclear identification are listed in Supplementary Table S3 .
Single-molecule FISH (smFISH)
Trypsinized cells were transferred onto laminin-511-coated glass slides and cultured for 3 h at 37
• C and 5% CO 2 . Cells were washed with PBS, fixed with 4% paraformaldehyde in PBS for 10 min, washed two more times with PBS, and then treated with PBS containing Hoechst 33342 (1:1000) for 10 min. Images were obtained using an Olympus IX83 microscope with a CSU-W1 confocal unit; a 60× Olympus oil immersion objective of 1.42 NA; and an iXon3 EMCCD camera with 512× 512 pixels, with laser illumination at 405 nm for Hoechst 33342, 488 nm for dCas9-GFP, and 637 nm for MCP-tdiRFP. In this setting, pixel size was 266 nm. We acquired 76 z-planes per site spanning 15 m (z-step = 200 nm). Subsequently, cells were washed twice with PBS and permeabilized in 70% ethanol at 4
• C overnight. Following a wash with 10% formamide dissolved in 2× SSC, the cells were hybridized to an MS2 probe set (17) for 4 h at 37
• C in a moist chamber using a hybridization buffer containing 2 × SSC, 10% dextran sulfate, and 10% formamide. After hybridization, the cells were first washed in a solution containing 10% formamide in 2× SSC, followed by a second wash in 10% formamide in a 2× SSC with Hoechst 33342 (1:1000). Hybridized cells were mounted in a mounting media containing catalase/glucose oxidase, as previously described (17) . Images were acquired as outlined above using laser illumination set at 405 nm for Hoechst 33342 and 561 nm for MS2 probes. Image analysis was performed using previously described methods (17) .
Western blot analysis
The NMP-R mESCs (1 × 10 5 ) were plated onto 12-well plates. On the following day, the cells were transfected with either 2 g of sgRNA expression vectors or 1400 and 600 ng of MS2 and XA1.1 sgRNA expression vectors, respectively, using Lipofectamine 2000. After a 12-h period, the cells were treated with puromycin (2 g/ml) and Dox (25 ng/ml). After incubation for another 24 h, the cells were cultured in the Dox-containing medium overnight at 37
• C and 5% CO 2 and then lysed in the lysis buffer (0.5% Triton X-100, 150 mM NaCl, 20 mM Tris-HCl, pH 7.5) on the following day. Then, the lysates were incubated on ice for 40 min, and clarified by centrifugation. The extracted proteins were analyzed by 10% (wt/vol) SDS-PAGE and transferred onto Immobilon transfer membranes (Millipore, Billerica, MA, USA) for immunoblotting analyses. The primary antibodies used were the rat anti-mouse Nanog monoclonal antibody (mAb) (eBioscience, San Diego, CA, USA) and rabbit anti-GAPDH mAb (Cell Signaling Technology, Danvers, MA, USA).
Reverse transcription quantitative PCR
The NMP-R mESCs were transfected with sgRNA expression vectors and treated as described above. Cells were then transferred onto 96-well plates, 6 h before RNA extraction. Total RNA was isolated from cells using a SuperPrep Cell Lysis Kit (Toyobo, Osaka, Japan) for quantitative PCR (qPCR) and for reverse transcription (RT)-PCR according to the manufacturer's protocol. Total RNA was converted to cDNA using a SuperPrep RT Kit for qPCR (Toyobo). qPCR was performed with the Stratagene Mx3000p (Agilent Technologies, Palo Alto, CA, USA) using the THUN-DERBIRD SYBR qPCR Mix (Toyobo). The threshold cycle (Ct) value was normalized with the housekeeping gene Gapdh and the relative fold change was computed by the Ct method (22) . Primer sequences are listed in Supplementary Table S2 .
Live imaging
The NMP-R and OM-R mESCs (5 × 10 4 ) were plated onto 24-well plates on the day before transfection, for simultaneous live imaging of transcription and intranuclear positioning of specific genes using the ROLEX system. Cells were then transfected with 1 g of sgRNA expression vectors on the following day using Lipofectamine 2000. Cells were transfected with a mixture of 700 and 300 ng of MS2 and XA1.1 sgRNA expression vectors, respectively, for the simultaneous imaging of MS2 and XA1.1 loci. After 12 h, e127 Nucleic Acids Research, 2015, Vol. 43, No. 19 PAGE 4 OF 12 the cells were treated with puromycin (2 g/ml) and Dox (100 or 25 ng/ml) for another 24 h. The cells were subsequently trypsinized and transferred onto a -Slide 8-well coated with Laminin-511 and cultured overnight at 37
• C and 5% CO 2 in the Dox-containing medium. Then, after changing the Dox medium, live images of the cells were acquired using an Olympus IX83 microscope with a CSU-W1 confocal unit and a 100× Olympus oil-immersion objective of 1.40 NA. Fluorescence images were captured using an iXon3 EMCCD camera with 512 × 512 pixels, equipped with a 488 and 637 nm laser, a stage-top microscope incubator (5% CO 2 ; 37
• C; Tokai Hit, Shizuoka, Japan), and an ASI MS-2000 piezo stage (ASI, Lyon, France). In this setting, the pixel size was 160 nm. Images were analyzed using Metamorph software; 46-z planes per site spanning 9 m (zstep = 200 nm) were acquired with a 10 s interval time for 500 s. Acquired images were filtered with a one-pixel diameter 3D Gaussian Blur filter using ImageJ software (National Institutes of Health, Bethesda, MD). The dCas9-GFP images obtained were subjected to background subtraction using an ImageJ plugin with a rolling ball radius of five pixels. Fluorescent spots were detected using the Imaris software (Bitmap, Zurich, Switzerland) 'Spot' function with a spot diameter set at 0.8 m (i.e., semi-automatic detection). The nucleus center of mass was estimated from nuclear localized MCP-tdiRFP fluorescence using ImarisCell (Bitmap), with the Cell Smooth Filter Width and Cell Background Subtraction Width parameters set at 1 and 0.64 m, respectively.
Mean squared displacement analysis
The mean squared displacement (MSD) was calculated as the average change in distance between the MS2 and XA1.1 loci, or between the nuclear center of mass and each genomic locus over all possible combinations of time points separated by the lag time t;
where D is the diffusion coefficient (23) . The diffusion coefficient D of a particle is proportional to the initial slope m on an MSD curve (24) . However, in general, the free movement of an object can be confined in a nuclear or cellular compartment (25) . This implies that the distance of any two points of the trajectory cannot exceed the maximal extension of the confining volume. Therefore, the MSD curves must reach a plateau at large time windows. Nonetheless, one can still use the initial slope m of MSD curve to compare the intrinsic mobility of different objects or one object under different conditions. Initial slopes m were obtained by a least-square linear fitting of the first half of points (10 -250 s). Diffusion constant D were then determined D = m/4. To compare the diffusion coefficients under various conditions, we used a one-tailed Student's t-test.
RESULTS

Specificity of the ROLEX system
To establish the imaging method for simultaneous measurement of the transcriptional activity and nuclear position of an endogenous gene, which we termed the ROLEX system ( Figure 1A ), we first chose the mESC line (NMP) in which MS2 and PP7 repeats are integrated into each Nanog allele ( Figure 1B) (17) . Transcribed MS2 and PP7 sequences derived from MS2 and PP7 bacteriophages, correspondingly, form stem-loop structures which are known to be bound respectively by the MS2 coat protein (MCP) and PP7 coat protein (PCP) as dimers (9) . Therefore, the integration of the 24 tandem MS2 and PP7 sites into a specific gene of interest and the expression of MCP and PCP fused to fluorescent proteins (MCP-FP and PCP-FP), enables a visualization of mRNA transcription as bright spots in the nucleus (9) . We previously demonstrated that the MS2/MCP-FP system can be used to quantitate transcriptional dynamics in mESCs, although a tendency toward the nucleolar localization of PCP-FP prevents precise quantification of its transcription dynamics, at least in mESCs (17) . Integration of MS2 and PP7 repeats into each Nanog allele in NMP mESCs enables monitoring of allele-specific transcription and verification of the ROLEX system's specificity by allelespecific RNA-FISH (17) . We created a clonal mESC line (NMP-R) that constitutively expressed MCP-tandem nearinfrared (tdiRFP) and stably expressed dCas9-GFP from a tetracycline (tet) inducible system using the piggyBac transposon that enables highly efficient transgenesis ( Figure 1C ) (11, 13) . As expected, treatment with the system's inducer Dox at a concentration of 100 ng/ml increased the number of cells with GFP fluorescence intensity above the background over time (Supplementary Figure S2) . However, expression levels of dCas9-GFP varied considerably among cells (Supplementary Figure S2) . We recloned several cell lines from NMP-R to avoid the possibility of genetic heterogeneity, but a significant variability in expression levels was still observed (data not shown).
To investigate whether dCas9-GFP localizes to specific sub-nuclear domains in NMP-R cells in an sgRNAdependent manner, we introduced telomere or minor satellite (MiSat) sgRNA expression vectors with nuclear (histone H2A-RFP) or subnuclear markers (centromere marker CENP-A-RFP; telomere marker TRF1-RFP) into NMP-R cells. We applied an optimized sgRNA design (sgRNA (F+E) ) that improves imaging efficiency (10) . In 12 h posttransfection, we treated cells with puromycin and Dox (25 ng/ml) for 24 h. Because sgRNA expression vectors contain the puromycin resistance gene, transient treatment with puromycin eliminates untransfected cells. After another 12-h treatment with Dox, we examined the localization of dCas9-GFP ( Figure 1D-F) . Consistent with a previous report, dCas9-GFP without sgRNA tended to localize in the nucleoli (10) . In cells transfected with MiSat sgRNA and centromere marker CENP-A-RFP expression vectors, dCas9-GFP and CENP-A-RFP signals were well colocalized ( Figure 1E ), which is consistent with mouse minor satellite DNA genetically mapping to the centromere (26) . Moreover, in cells transfected with telomere sgRNA and telomere marker TRF1-RFP expression vectors, dCas9-GFP and TRF1-RFP signals were also mostly co-localized ( Figure 1F ). To further test the utility of CRISPR imaging, we designed 12 sgRNAs that theoretically targeted more than 300 sites within a tandem repeat region in the mouse chromosome locus XA1.1 and introduced these sgRNA expression vectors into NMP-R cells derived from male mice with only one X chromosome. Immediately after fixation, one bright spot in each individual cell was detected (Sup- Figure S3 ). We confirmed that this dCas9-GFP spot co-localized with the DNA-FISH signal of the XA1.1 probe (Supplementary Figure S3) . These results suggest that dCas9-GFP localized into specific sub-genomic regions in the sgRNA-dependent manner in NMP-R cells.
To fluorescently label the Nanog-MS2 locus, we introduced three types of MS2 sgRNAs into NMP-R cells cultured in the medium containing two inhibitors (2i) of MEK and GSK3␤, which increase Nanog expression in mESCs (27) . These sgRNAs would theoretically bind to 36 sites within an MS2 repeat ( Figure 1B, Supplementary Figure  S4) . By using live imaging, a single dCas9-GFP spot with discontinuous MCP-tdiRFP spot signals was observed in cells moderately expressing dCas9-GFP ( Figure 1G , Supplementary Figure S5 , and Movie 1). The discontinuous MCP-tdiRFP observed here is consistent with previous findings (17) . Additionally, the dCas9-GFP and MCPtdiRFP signals were mostly co-localized (Supplementary Figure S5) . To confirm whether these signals corresponded to the Nanog-MS2 gene locus, we performed sequential RNA-and DNA-FISH ( Figure 1H-M) . We observed that dCas9-GFP and MCP-tdiRFP spots were co-localized not only with the MS2 RNA-FISH signal but also with one of the two Nanog-locus DNA-FISH signals ( Figure 1H -M). Furthermore, 6.11% (n = 605) of the cells analyzed were cells with a dCas9-GFP spot corresponding to one of the Nanog DNA-FISH signals (Supplementary Figure S6) . Distribution of dCas9-GFP expression levels revealed that the MS2-targeted dCas9-GFP spot tended to be recognized in cells expressing dCas9-GFP at moderate levels (Supplementary Figure S6 ). These results suggest that the ROLEX system enables simultaneous imaging of the transcription and localization of a specific gene in the nucleus.
The dCas9-GFP/MS2-sgRNA complex has no apparent influence on target gene expression
In a previous study, dCas9 with an sgRNA recognizing the gene body was reported to occasionally reduce mRNA expression of the gene in an sgRNA-dependent manner (28) . To check whether MS2 sgRNAs would affect Nanog-MS2 mRNA expression levels, we introduced empty vectors as controls, and expression vectors for sgRNAs recognizing the telomere and tandem repeats on the X chromosome (XA1.1) (Supplementary Figure S3) , and MS2 and/or PP7 sgRNAs into NMP-R cells with or without Dox treatment (25 ng/ml) and examined Nanog mRNA and protein levels. We found that introduction of MS2 or PP7 sgRNA expression vectors and the expression of dCas9-GFP did not affect Nanog mRNA or protein levels (Figure 2A and B). However, it is possible that the variability in dCas9-GFP expression levels among cells masks the effect on the Nanog-MS2 mRNA expression (Supplementary Figure  S2) . Therefore, we performed smFISH using MS2 probes in NMP-R cells transfected with either empty vectors or MS2 sgRNA expression vectors, and quantified dCas9-GFP and Nanog-MS2 mRNA expression levels. In this way, we confirmed that dCas9-GFP expression did not affect Nanog-MS2 mRNA expression levels ( Figure 2C and D) . In addition, to investigate whether MS2 sgRNA/dCas9-GFP affects visualization of the MCP-tdiRFP transcriptional spot, we transfected MS2 or PP7 sgRNA expression vectors into NMP-R cells cultured in 2i conditions and counted approximately 100 cells with dCas9-GFP spots either with or without MCP-tdiRFP spots ( Figure 2E-K) . We found that approximately 20% of cells showed both dCas9-GFP and MCP-tdiRFP spots in cells transfected with either MS2 or PP7 sgRNA expression vectors (Figure 2E-K) . This percentage is consistent with observations from a previous study (17) , which suggests that the MS2 sgRNA/dCas9-GFP spot does not affect visualization of the MS2/MCP-tdiRFP transcriptional spot. These results demonstrate that the ROLEX system is a useful tool for the simultaneous visualization of transcription and nuclear position of a specific gene in living cells. We also observed that MS2 sgRNA/dCas9-GFP spot signals tended to decrease or disappear when a strong MCP-tdiRFP spot signal was detected (Supplementary Movies S2) . This observation indicates that the MS2 sgRNA/dCas9-GFP complex might be unloaded without affecting Nanog expression because of RNA Pol II-mediated transcription. However, although a previous study suggested that sgRNA expression levels affect the efficiency of CRISPR imaging (10), sgRNA expression levels in individual cells are unknown in this study. Furthermore, in general, there is no obvious correlation between most of the MCP-tdiRFP and dCas9-GFP spot signal intensities (Supplementary Figure S5) . Therefore, further analyses are required to understand the fate of the MS2 sgRNA/dCas9-GFP complex during transcription of the MS2 repeat sequence.
Relationships between transcriptional activity and nuclear dynamics of pluripotency-related genes
Next, we examined the relationships between transcriptional activity and nuclear dynamics of pluripotency-related genes Nanog and Oct4 (also known as Pou5f1) using the ROLEX system. Compared to Oct4, Nanog is heterogeneously expressed in mESCs and it tends to be monoallelically transcribed (29, 30) . For the visualization of Oct4, we monoallelically introduced an MS2 repeat into the Oct4 locus ( Figure 3A, Supplementary Figure S1 ), and then established a cell line by introduction of vectors for the ROLEX system (OM-R cells). To analyze the dynamics of a specific nuclear locus, it is necessary to eliminate the confounding effects of nuclear movement and rotation. One way to accomplish this is to calculate the MSD, which is a robust method to analyze the general properties of an object's movement, by measuring the mean squared change in distance between the locus of interest and a reference locus, rather than measuring the change in the displacement of each locus (23, 31) . The initial slope of the MSD is proportional to the diffusion coefficient (D) of the loci (24) . The more mobile two loci are, the faster the MSD value increases over time, and the steeper the MSD slope. In this study, we employed the XA1.1 locus as the reference because our male mESCs have only one X chromosome and can be easily labeled by XA1.1 sgRNAs (Supplementary Figure S3) . Additionally, to analyze the dynamics of pluripotency-related genes, NMP-R and OM-R mESCs cultured in standard medium were transfected with MS2 and XA1.1 sgRNA expression vectors and subjected to live imaging at a rate of (E) Schematic representation of a cell for the ROLEX system illustrating the mean square displacement (MSD) measurements. (F-I) Ensemble-and timeaveraged MSD curves between (F) MS2 and XA1.1 spots for NMP-R (Nanog) and OM-R (Oct4) cells with (+) or without (−) transcription during the 500-s imaging period (Nanog−, n = 39; Nanog+, n = 13; Oct4−, n = 21; and Oct4+, n = 15); (G and H) nuclear centre of mass (Cnt) and either Nanog-MS2 (Nanog), XA1.1, or telomere spots for NMP-R cells with (G) (XA1.1-Cnt, n = 39; Nanog-Cnt, n = 39; and telomere-Cnt, n = 266 [about 10 spots each with higher fluorescence intensity of 25 cells]) or without (H) (XA1.1-Cnt, n = 13; Nanog-Cnt, n = 13; and telomere-Cnt, n = 267 [about 10 spots each with higher fluorescent intensity of 25 cells]) transcription during the imaging period; (I) Cnt and either Nanog-MS2 (Nanog) or XA1.1 spots for NMP-R cells, cultured in 2i medium, with (+) or without (−) transcription during the imaging period (XA1.1-Cnt -, n = 15; Nanog-Cnt -, n = 15; XA1.1-Cnt +, n = 15; and Nanog-Cnt +, n = 15). All error bars represent the standard error of measurements. one stack every 10 s for 50 total time points ( Figure 3B -D and Supplementary Movie S3). Because the number of theoretical recognition sites for MS2 and XA1.1 is 36 and >300, respectively, we observed relatively small and large dCas9-GFP spots that facilitated discrimination between the two loci ( Figure 3B -E and Supplementary Movie S3). To explore the relationship between transcriptional activity and nuclear dynamics of pluripotency-related genes, we classified the cells into two groups, according to whether or not transcriptional MCP spots were observed during the imaging period. The mobility of Oct4 did not show considerable differences with or without transcription during the imaging period, but that of Nanog showed obvious differences ( Figure 3F ). Although we quantified the mean dCas9-GFP fluorescent intensity in the nucleus of NMP-R cells with and without transcription during the imaging period, the intensity values of cells with transcription were comparable to those without transcription (Supplementary Figure  S7) , suggesting that changes in Nanog mobility is not caused by differences in dCas9-GFP expression levels.
In general, the free movement of an object can be confined in a nuclear or cellular compartment (25) . This implies that the distance of any two points of the trajectory cannot exceed the maximal extension of the confining volume. Therefore, the MSD curves must reach a plateau at large time windows. Previously, Masui et al. analyzed the mobility of several loci, including the X-chromosome inactivation center, in mESCs over longer time periods (more than 2 h) and reported the diffusion coefficient of ∼0.007 m 2 /min and constrained radius of ∼1.7 m, which is in the range of chromosome territories and well below the overall size of nucleus (32) . In our analysis, we could not conclude with certainty whether the mobility of analyzed loci was also constrained, because apparent MSD plateaus were not observed until at least 400 s ( Figure 3F ). Diffusion coefficient in NMP-R cells (10 -250 s) without Nanog transcription is 0.055 m 2 /min and, therefore, significantly higher (P = 0.042) than the value of the diffusion coefficient in cells with Nanog transcription (D = 0.019 m 2 /min). To determine whether only the Nanog-MS2 locus, only the XA1.1 locus, or both affected the mobility change in a transcription-dependent manner, the MSD was determined by measuring the mean squared change in the distance between dCas9-GFP spots and the nuclear center of mass on MCP-tdiRFP images ( Figure 3E ). The Nanog and XA1.1 loci in NMP-R cells showed a significantly higher mobility in the absence of Nanog-MS2 transcription spots during the imaging period (D = 0.062 m 2 /min and D = 0.039 m 2 /min, respectively) than the loci in which transcription spots were present (Nanog, D = 0.013 m 2 /min, P = 0.033; XA1.1, D = 0.0086 m 2 /min, P = 0.0053) ( Figure 3G and H). To compare these mobility changes to alterations of other genomic loci, we introduced telomere sgRNA expression vectors into NMP-R cells and determined MSD by measuring the mean squared change in distance between telomere dCas9-GFP spots and the nuclear center of mass on MCP-tdiRFP images ( Figure 3E ). No considerable difference in the mobility of telomeres was observed in cells with and without Nanog transcription during the imaging period ( Figure 3G and H) Figure S8) . mESCs can be brought to a ground state of pluripotency in which Nanog is more highly expressed (33) . To induce this ground state, cells were treated with two inhibitors (2i) of MEK and GSK3␤ (27) , and then motions of Nanog-MS2 and XA1.1 loci were measured. Regardless of the absence of transcription during the imaging period, the mobility of Nanog-MS2 and XA1.1 in NMP-R cells cultured in the 2i medium was lower than that of cells with transcriptional MCP spots cultured in the standard medium (Figure 3G and H) . mESC populations cultured in the standard medium are comprised of metastable and multiple cellular states, including a ground state and a state in which mESCs are primed for differentiation (30) . The former state is reported to have a significantly stiffer nucleus that is coupled to a globally more condensed chromatin state (34, 35) . Furthermore, it has been reported that genome mobility tends to increase during early mESC differentiation (32) . Collectively, these results suggest that in the nuclei of mESCs in a non-ground state with lower Nanog transcriptional activity, a portion of the genomic region might have higher mobility compared to that in cells in the ground state.
DISCUSSION
Here, we described the ROLEX system, a live-imaging method for simultaneous measurements of the transcriptional activity and nuclear position of an endogenous gene. To analyze the relationship between genomic organization and transcription, RNA-and DNA-FISH are usually the techniques of choice (36, 37) . However, although RNA-and DNA-FISH enable simultaneous identification of the transcriptional state and specific gene loci in the nucleus, information on dynamic changes cannot be obtained because the sample needs to be fixated. In contrast, the use of fluorescent proteins fused to programmable DNA binding proteins, such as dCas9, transcription activator-like effector (TALE), and zinc finger (ZF), enables visualization of the nuclear organization in individual live cells (10, (38) (39) (40) (41) (42) . However, engineering ZF to bind to a specific sequence of interest is relatively difficult compared to TALE and sgRNA/dCas9 (43) . Furthermore, the tendency of TALE to favor nucleolar localization hampers fluorescent labeling of genomic regions that are not highly repeated (39) . Unlike TALE, the sgRNA/dCas9-GFP complex does not tend to localize to the nucleolus ( Figure 1 ) and designing multiple sgRNAs for single-locus imaging is not laborious. One limitation of monitoring genomic organization using these live-imaging methods is that the relationship between the spatial organization of the genome and transcription of specific genes remains difficult to understand. Nevertheless, we believe that combining CRISPR imaging with the MS2 system (i.e. the ROLEX system) will allow quantification of both spatial and transcriptional dynamics of specific genes of interest. In this study, only ∼6% of the NMP-R cells transduced with MS2 sgRNAs exhibited a dCas9-GFP spot corresponding to one of the Nanog DNA-FISH signals (Supplementary Figure S6 ). There could be two explanations for this low efficiency. Firstly, NMP-R cells showed cell-to-cell variability in levels of dCas9-GFP expression (Supplementary Figure S2 ). To control dCas9-GFP expression, we used a Tet system containing the rtTA2sM2 transactivator and the tTS(Kid) repressor (44) . In this system, in the absence of the Dox treatment, tTS(Kid) represses the expression of the Tet responsive element (TRE)-regulated dCas9-GFP. In the presence of the Dox, tTS(Kid) unbinds from TRE, then rtTA2sM2 binds to TRE and activates dCas9-GFP expression. The use of this system is associated with irreversible inactivation of TRE-regulated genes and their heterogeneous expression in cells (45, 46) . However, it enables exploring the relationship between dCas9-GFP expression levels in individual cells and visualization of dCas9-GFP spots. To establish cell lines expressing dCas9-GFP at an optimum levels, weak promoters, such as TRE3G (Tet-On 3G system without Dox induction), can be used (10) . Secondly, the maximum fluorescence intensity of dCas9-GFP obtained at the MS2 locus is relatively weak compared to other loci (XA1.1, telomere and MiSat). In CRISPR imaging, the accumulation of dCas9-GFP at a genomic locus of interest causes spot signal intensity to rise above the background (10). Therefore, too little or too much dCas9-GFP expression hampers the detection of target spot signals (Supplementary Figure S6 ). Furthermore, we found that dCas9-GFP signal intensity dynamically changed ( Supplementary Figure S5) . At the same time, dynamic signal changes were not clearly observed in cells transfected with telomere, MiSat, and XA1.1 sgRNA expression vectors (data not shown). Theoretical numbers of sgRNA/dCas9-GFP binding sites in these highly repeated regions is variable. Telomere length is 60 kb and it comprises about 2500 binding sites on average (47); MiSat length is 0.5-1.2 Mb, which is compatible with several thousand binding sites (48); XA1.1 sgRNAs theoretically bind to more than 300 sites within the XA1.1 locus. All these loci contain many more binding sites than the total of 36 sgRNA/dCas9-GFP binding sites within an MS2 repeat, which suggests that the presence of a larger number of binding sites increases signal-to-noise ratio and results in a robust spot signal. Conversely, dCas9-GFP spot signals in cells expressing sgRNAs with smaller target sites (e.g. MS2 sgRNAs) can be affected by stochastic binding and unbinding, binding competition between dCas9-GFP and other DNA binding proteins and fluorescent bleaching. It might be also possible that the movement of spots with a lower signal-to-noise ratio in and out of focus could affect signal fluctuations. Increase in the signal-to-noise ratio at an MS2 repeat can be achieved by the increase in the number of MS2 sites in the repeat, the use of multiple fluorescent proteins fused in tandem (42) , or SunTag, which can recruit multiple copies of the fluorescent protein (49) .
Our results suggest that the MS2 sgRNA/dCas9-GFP complex dissociates from its target site by transcription mediated by RNA Pol II. This conclusion is based on the observation that MS2 sgRNA/dCas9-GFP spot signals tended to decrease or disappear when a strong MCPtdiRFP spot signal was detected (Supplementary Movies S2). Therefore, if the ROLEX system is applied to genes with much higher expression levels than Nanog, it is possible that MS2 sgRNA/dCas9-GFP spots may become difficult to detect. As mentioned before, this fact requires further clarification. Nevertheless, with the current system, nuclear localization of the target gene can still be determined with high confidence through the MCP-tdiRFP spot signal. Hence, we believe that there is room for improving the dynamic range of the transcript-detection component of the ROLEX system, towards a more robust application for the simultaneous quantification of transcriptional activity and nuclear localization of genes in living cells.
ROLEX enabled the detection of sub-genome-wide mobility changes depending on the state of Nanog transactivation in mESCs. The fact that mobility changes were observed only in a part of the nucleus might be explained by the differences in long-range genomic interactions. The Nanog promoter region has been shown to be physically associated with multiple and distal intrachromosomal regions (3) . Furthermore, we recently found that Nanog promoter states stochastically switch ON and OFF, and that the transcription rate during the ON state is almost constant (17) . Therefore, if Nanog interacts with multiple distal regions, it would show a lower mobility and be stably transcribed for 2-3 min (on average) in mESCs with higher Nanog transcriptional activity (17) . On the other hand, if the Nanog gene does not interact with multiple distal regions, it would show a higher mobility in mESCs with lower Nanog transcriptional activity. It is possible that such a change in the number of interactions stochastically occurs in a genomic region-specific manner, leading to a sub-genome-wide mobility change, monoallelic expression on Nanog (29) , and cell-to-cell heterogeneity in gene expression (6) in mESCs. Single-cell analysis of transcription and nuclear dynamics using the ROLEX system could be instrumental for gaining a valuable insignt into the mechanisms underlying the maintenance of pluripotency and cell-to-cell heterogeneity in gene expression.
Recent progress in 3C-related technologies (4C, 5C and Hi-C) revealed three-dimensional genomic organization of several cell types from diverse organisms, including mESCs, with many long-range genomic interactions being implicated into the regulation of gene expression (1) (2) (3) (4) . To understand such complexity of gene regulation, multicolor imaging with more than two colors, such as dCas9-GFP and MCP-tdiRFP, might be required. For RNA imaging, the N22 system (50) could be used as well as MS2 system. Furthermore, multicolor versions of CRISPR using dCas9 of different origins has been recently reported (42) . We expect that a combined use of these tools might enable us to explore the complex gene regulation via dynamic long-range interactions.
In summary, we have described the ROLEX system, which can be applied for simultaneous imaging of the transcription and nuclear position of an endogenous gene. We believe that, among other uses, this system could be employed to investigate whether variability in the genomic organization of cells causes cell-to-cell heterogeneity in gene expression, and to study the dynamics of gene regulation via long-range genomic interactions. Although integration of the MS2 repeat into a specific genomic site is required for the utilization of the ROLEX system, this is no longer a laborious task owing to recent advances in genome editing using programmable endonucleases (43) . It is expected that by enabling exploration of the relationship between transcription and nuclear dynamics in living cells, the ROLEX system will become a powerful tool not only in cell biology but also in other fields including biomedical research and clinical therapy.
